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Abstract 
This paper presents results of an analysis undertaken to determine the values of design for direct normal irradiance 
(DNI), solar multiple and hours of thermal storage for least cost of power generation for parabolic trough based solar 
thermal power plants at 4 niche locations in India. Solar radiation data source of SEC-NREL has been used and 
annual electricity outputs have been estimated using Systems Advisor Model. For estimation of levelized unit cost of 
electricity, benchmark capital cost and other financing conditions suggested by the Central Electricity Regulatory 
Commission, Government of India have been used. Levelized unit cost of electricity has been found to be minimum 
for design DNI range of 600-650 W/m2 and corresponding range of solar multiple is 1.5-1.6. Results also show that 
the provision of thermal storage leads to an increase in electricity output as compared to the corresponding values for 
plants without storage but the cost of electricity delivered increases. 
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1. Introduction 
Optimal sizing of solar field is one of the important steps in designing a solar thermal power plant that 
directly affects the electricity output of the plant and hence its financial feasibility. While an oversized 
solar field may result in excessive unutilized thermal energy, a plant with undersized solar field shall have 
low annual capacity utilization factor [1]. Optimal sizing of solar field necessarily involves deciding an 
appropriate design value of direct normal irradiance (DNI) and also that of solar multiple. Design DNI is 
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the value of DNI that when multiplied by solar field area and its collection efficiency gives nominal 
capacity of the plant. The solar multiple is defined as the ratio between the thermal power produced by the 
solar field at the design DNI and the thermal power required by the power block at nominal conditions. 
Since the solar field of a solar thermal power plant costs approximately 40 to 50 percent of the total cost, 
an optimal solar field (that ensures operation of the plant at its nominal capacity and at the same time 
produces electricity at the minimum possible price) is essential for the economic viability of the plant. 
Besides optimal solar field sizing, provision of adequate hours of thermal storage improves dispatch 
ability as well as capacity utilization factor [2].  
India has huge potential of solar thermal power generation [3-5]. With the launch of Jawaharlal Nehru 
National Solar Mission (JNNSM) in 2010, considerable thrust has been given for the large scale 
dissemination of solar thermal power in the country. Identifying optimal combinations of design DNI, 
solar multiple and storage hours for niche locations for least cost of electricity delivery can be very useful 
for various stakeholders such as policy makers and project developers.  
This paper presents results of an analysis undertaken to identify the optimal values of the design DNI, 
solar multiple as well as the hours of storage in parabolic trough based solar thermal power plants for 4 
potential locations in India. Parabolic trough technology has been chosen being the most commercially 
mature technology with majority of operational and under construction plants across the globe based on 
this technology. 
2. Methodology 
This study essentially involves estimation of annual electricity output as well as the levelized unit cost 
of electricity (LUCE) for different likely combinations of the values of solar multiple, design DNI and 
hours of thermal storage. To decide the values of solar multiple and design DNI, 50 MW solar thermal 
power plants based on parabolic trough technology has been analyzed. To obtain annual electricity 
output, the System Advisor Model (SAM) [6] software developed by the National Renewable Energy 
Laboratory (NREL) USA has been used. SAM predicts performance and financial metrics for power 
plants based on various renewable energy technologies according to the weather data of the proposed 
location. Each step of the proposed methodology is described in the following paragraphs. 
2.1. Selection of niche locations 
Sharma et al. [5] identified huge potential of solar thermal power in the states of Rajasthan, Gujarat, 
Maharashtra and Andhra Pradesh. These states have favorable conditions for solar thermal power such as 
sufficient DNI and ample wasteland. For the present study, 4 locations in the above mentioned states have 
been considered. These are Bikaner in Rajasthan, Rajkot in Gujarat, Nagpur in Maharashtra and Kurnool 
in Andhra Pradesh.  
2.2. Creation of weather files typical meteorological year format 
In SAM, it is possible to import weather files in Typical Meteorological Year (TMY) format that has 
hourly values of solar radiation and other parameters for any desired location. Solar resource data for the 
selected locations have been obtained from satellite imagery maps developed by Solar Energy Centre 
(SEC), Ministry of New and Renewable Energy (MNRE) [7], Government of India in collaboration with 
NREL, USA. This solar radiation data source provides monthly average daily values of solar radiation. 
To be able to use the radiation data with SAM, monthly average daily values of solar radiation were 
converted into hourly values with the help of synthetic hourly data generation tool of PVSyst software 
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(version 6.2.2) [8]. The hourly data were then imported into TMY creator of SAM and the required TMY 
files were generated for all the selected locations. 
2.3. Simulations using System Advisor Model 
To estimate the annual electricity output of a 50 MW parabolic trough based plant at the selected 
locations, TMY files for the locations have been imported into SAM and simulations have been carried 
out for different values of design DNI, solar multiple and hours of thermal storage. Base value of design 
DNI has been assumed as 950 W/m2 and that of solar multiple as 1.0. 
2.4. Estimation of LUCE 
The cost data SAM uses for estimating LUCE are essentially applicable for locations in the United 
States. For estimation of LUCE for plants located in India, benchmark capital cost and other relevant 
financial data as suggested by the Central Electricity Regulatory Commission (CERC) of India have been 
used [9]. For example, the capital cost of parabolic trough based power plant with a useful life of 25 years 
is assumed to be Rs. 120 million per MW with annual operation and maintenance cost as Rs. 1.677 
million per MW. Ratio of debt and equity has been taken as 70:30, repayment period as 12 years with rate 
of interest 12.7%, return on equity as 20% for first 10 years and 24% for the remaining period and 
discount rate as 10.67%. LUCE has been estimated using the following expression [10]: 
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where UCEj represents the unit cost of electricity for jth year and is defined as: 
 
୨ ൌ

ሺʹሻ 
 
The total annual cost for a particular (jth) year comprises of (i) the annual interest (IL) on the loan 
taken for the project (ii) the return on equity (ROE) to be paid (iii) the principal amount (PP) of a loan (iv) 
the interest (IWC) on the working capital, and (v) annual expenditure (OM) for operation and 
maintenance of the plant, i.e.   
                                            Annual cost = IL + ROE + PP + IWC + OM                             (3) 
 
CRF denotes the capital recovery factor and is defined as: 
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with d representing discount rate and n the useful life of the plant.  
Further a change in solar multiple, DNI and/or hours of thermal storage will essentially change the solar 
field and hence its capital cost. To internalize any such change in the capital cost for estimation of LUCE, 
corresponding changes as observed in the cost estimates provided by SAM for the same changes in the 
parameter(s) have been used as relevant information was not available for Indian locations.   
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3. Results and discussion 
Following the methodology presented in section 2, values of the levelized unit cost of electricity 
delivered by solar thermal power plants of 50 MW capacity have been estimated for different values of 
solar multiple, design DNI and hours of thermal storage. A summary of typical results and a brief 
discussion on the same is presented in the following paragraphs: 
3.1. Effect of increase of solar multiple on LUCE 
For a design DNI of 950 W/m2, solar multiple is increased from the base value of 1.0 in steps of 0.1 for 
plants without storage. Increasing solar multiple implies an increase in the collector field leading to 
increase in capital cost. Consequently the solar field output also increases that led to the operation of 
power block at its nominal capacity for longer durations. This results in increased electricity output and 
correspondingly reduced LUCE. However, since the maximum allowable thermal energy input to the 
power block is fixed, further increase in the solar field output due to increased solar multiple cannot be 
utilized by the power block and hence the surplus output (thermal energy) is dumped. LUCE will 
decrease as long as incremental cost (in putting extra solar field) is more than offset by incremental 
benefits (in the form of increased electricity output), and then it will start increasing again. The effect of 
varying solar multiple on electricity output and LUCE for is presented in Table 1. It is observed that 
LUCE is minimum with solar multiple in the range of 1.5 - 1.6.  The minimum value of LUCE varies 
from Rs. 11.72 per kWh (for the location of Bikaner) to Rs. 13.09 per kWh (for the location of Nagpur).    
Table 1. Effect of solar multiple on electricity output and LUCE 
Solar 
multiple 
Capital Cost 
Bikaner Rajkot Nagpur Kurnool 
Output LUCE Output LUCE Output LUCE Output LUCE 
(million Rs./MW) GWh Rs./kWh GWh Rs./kWh GWh Rs./kWh GWh Rs./kWh 
1 120 75 14.49 76 14.30 72 15.08 75 14.49 
1.1 128 84 13.71 85 13.55 81 14.20 84 13.71 
1.2 134 92 13.04 93 12.91 88 13.62 91 13.18 
1.3 142 101 12.52 102 12.40 95 13.29 99 12.77 
1.4 150 110 12.08 109 12.19 101 13.13 105 12.64 
1.5 156 116 11.87 114 12.07 105 13.09 109 12.62 
1.6 164 123 11.72 119 12.10 109 13.19 113 12.73 
1.7 172 28 11.75 122 12.32 113 13.28 116 12.94 
1.8 178 131 11.85 124 12.50 115 13.46 119 13.01 
1.9 186 134 12.05 126 12.80 117 13.76 130 13.42 
2.0 194 136 12.33 128 13.09 119 14.06 122 13.72 
3.2. Effect of design DNI on LUCE 
In the base case scenario, solar multiple is assumed as 1.0 and design DNI as 950W/m2. Decreasing 
design DNI for the same nominal capacity of the power block essentially implies increasing the area of 
solar field resulting in enhanced thermal energy input to the power block. As a consequence, initially with 
a decrease in design DNI, the electricity output of the plant increases as power block operates at its 
nominal capacity for longer duration during sunshine hours. With further decrease in design DNI, the 
power block may not be able to use the entire amount of thermal energy input provided by the solar field 
and consequently some thermal energy may have to be dumped. Though a decrease in design DNI implies 
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an increase in solar field (thus leading to an increase in the capital cost of the plant) a decrease in LUCE 
is still observed initially as the electricity output also increases. However, beyond a certain value of 
design DNI, the incremental cost of solar field necessitated by a further decrease in design DNI may be 
larger than the incremental benefits likely to accrue due to an increase in the amount of electricity 
produced. As a result LUCE starts increasing with further decrease in design DNI (Table 2). Minimum 
LUCE is observed in the design DNI range of 600 - 650 W/m2. Minimum LUCE varies from Rs. 11.69 
per kWh (for the location of Bikaner) to Rs. 12.97 per kWh (for the location of Nagpur). 
Table 2. Effect of design DNI on electricity output and LUCE 
Design 
DNI 
Capital Cost 
Bikaner Rajkot Nagpur Kurnool 
Output LUCE Output LUCE Output LUCE Output LUCE 
(million Rs./MW) GWh Rs./kWh GWh Rs./kWh GWh Rs./kWh GWh Rs./kWh 
450 208 138 12.95 129 13.83 119 14.97 122 14.61 
500 191 135 12.25 127 13.01 117 14.09 121 13.64 
550 177 130 11.88 123 12.54 114 13.50 118 13.06 
600 165 124 11.69 119 12.17 110 13.14 114 12.69 
650 156 116 11.87 114 12.07 106 12.97 109 12.62 
700 147 107 12.19 107 12.19 99 13.16 103 12.66 
750 141 100 12.56 101 12.44 94 13.35 98 12.81 
800 134 92 13.04 93 12.91 88 13.62 91 13.18 
850 129 86 13.48 87 13.33 82 14.13 86 13.48 
900 124 80 13.60 81 13.44 77 14.52 79 14.16 
950 120 75 14.49 76 14.30 72 15.08 75 14.49 
3.3. Effect of thermal storage on LUCE 
To analyse the effect of hours of thermal storage on LUCE for PTC based plants, plants designed for 
optimal design DNI at each selected location (decided on the basis of the results presented in Table 2) 
have been considered as the base case designs. For each of the base case designs, the value of solar 
multiple is increased with each value of solar multiple being analysed for different hours of thermal 
storage. Variation in annual electricity output and LUCE with hours of thermal storage for Bikaner is 
shown in Figure 1. 
 
 
Fig. 1.  (a) Variation in electricity output and (b) Variation in LUCE with hours of thermal energy storage 
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It is to be noted that for all the combinations of solar multiple and hours of thermal storage, LUCE is 
higher than the base case LUCE (i.e. no storage option). 
4. Conclusions 
From the results, it is inferred that minimum LUCE is obtained for a solar multiple range of 1.5 – 1.6 
and design DNI range of 600 – 650 W/m2. Provision of thermal storage significantly improves capacity 
utilization factor but due to high cost of thermal storage, LUCE is higher than the base case scenario.  
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